Over the past decades, overall ecological conditions in the Caspian Sea have deteriorated. However, a comprehensive understanding of lake-wide spatial differences in anthropogenic pressures is lacking and the biological consequences of human impacts are poorly understood. This paper therefore aims at assessing the individual and combined effects of critical anthropogenic pressures on the Caspian Sea ecoregions. First, cumulative pressure scores were calculated with a cumulative environmental assessment (CEA) analysis. Then, the individual contribution of anthropogenic pressures was quantified. Finally, ecoregion-specific differences were assessed. The analyses show that both cumulative and individual pressure scores are unevenly distributed across the Caspian Sea. The most important individual pressures are invasive species, chemical pollution and poaching. This uneven distribution of pressure scores across Caspian Sea ecoregions creates new challenges for future conservation strategies, as different ecoregions usually require different conservation measures.
Introduction
The Caspian Sea is a large lake renowned for its diverse aquatic fauna (Zenkevitch, 1963; Karpinsky, 2005) . However, over the last decades, many of its unique species assemblages have increasingly suffered from environmental (e.g., water-level fluctuations, salinity changes) and anthropogenic pressures (e.g., oil extraction, overfishing, introduction of invasive species). As a consequence, the overall ecosystem health has deteriorated and many endemic species have become regionally or globally extinct (Dumont, 1995; Karpinsky, 2005; Zonn, 2005; Zarbaliyeva et al., 2016; Mammadov et al., 2016; Wesselingh et al., 2019) .
Unfortunately, our knowledge about the impact of environmental and anthropogenic factors on the native biodiversity in the Caspian Sea is largely biased towards few key stressors related to natural water-level fluctuations and human activities, such as fishery and mineral extraction (Malinovskaja et al., 1998; Agah et al., 2007; Zinchenko, 2010, 2011; Khodorevskaya et al., 2014; Yanina, 2014; Latypov, 2015; Mammadov et al., 2016; Poorbagher et al., 2017) . Moreover, most previous human impact studies in the Caspian Sea are restricted to coastal areas (Nasrabadi et al., 2011; Aliyeva et al., 2013; Bastami et al., 2014) , individual countries (Aliyeva et al., 2013; Dmitrieva et al., 2013; Bastami et al., 2014; Yancheshmeh et al., 2014; Mashroofeh et al., 2015; Varnosfaderany et al., 2015) or selected target species (Bickham et al., 1998; Agah et al., 2007; Dmitrieva et al., 2013; Ermolin and Svolkinas, 2016; Poorbagher et al., 2017) . Therefore, a comprehensive understanding of lake-wide spatial differences in combined and individual pressures is lacking and the biological consequences of human impacts are poorly understood.
A potential solution to this problem arises from the fact that the Caspian Sea has been divided into ten ecoregions based on ecologically relevant environmental variables (Fendereski et al., 2014) . These ecoregions generally correspond to the distribution ranges of many endemic, native and invasive species (Fendereski et al., 2014) , and they allow for a coarse latitudinal and vertical (bathymetrical) assessment of anthropogenic pressures. Thus, ecoregion-specific environmental analyses might be a suitable approach to obtain a basic understanding of the spatially-explicit impact of anthropogenic pressures on Caspian Sea biota.
In this paper, we therefore estimated cumulative and individual pressure scores of critical anthropogenic pressures for the ten Caspian Sea ecoregions by using a cumulative environmental assessment (CEA) analysis.
Our specific goals were to: 1) infer the spatial distribution of cumulative pressure scores, i.e. the sum of individual pressure score intensities multiplied by specified weighting variables (see formula in Section 2.2.), 2) assess spatial differences in individual pressure scores, i.e. the contribution of single anthropogenic pressures to the cumulative pressure scores and 3) investigate ecoregion-specific differences in pressure scores. This spatially-explicit study is, to our best knowledge, the first attempt to quantify ecoregion-specific impacts of anthropogenic pressures in the Caspian Sea. It might thus provide important baseline data for subsequent management decisions and conservation strategies, for example in the frame of the Tehran Convention (Caspian Sea littoral countries, 2003).
Methods

Study system
The Caspian Sea is the largest enclosed water body in the world, with a surface area of about 370,000 km 2 . Located between Asia and Europe, it is bordered by five countries: Russia, Kazakhstan, Turkmenistan, Iran and Azerbaijan. It is limnologically divided into three parts (sub-basins) based on geophysical characteristics: the northern, middle and southern Caspian Sea (Rodionov, 1994) .
The northern Caspian Sea has a maximum depth of 30 m and salinities below 10. Water-level, water current and salinity are strongly influenced by wind and river input, creating a highly dynamic environment. In contrast, the limnological conditions in the middle and southern Caspian Sea are more stable, with relatively constant salinities around 13. Water depths approach 800 m in the middle and exceed 1000 m in the southern Caspian Sea (Kosarev, 2005) . Recently, the Caspian Sea has been divided into ten ecoregions ( Fig. 1 ) based on ecologically relevant environmental variables (Fendereski et al., 2014) .
Cumulative environmental assessment analysis
The cumulative environmental assessment (cea) analysis, used in the current study to evaluate the impact of anthropogenic pressures in the Caspian Sea, is based on the method of Halpern et al. (2008) . Accordingly, a spatial grid of the study area was created with a grid cell resolution of 1 ArcMin, and cumulative pressure scores (C t, in the formula below) were calculated for each cell. As a specific pressure may have different impacts in different ecoregions, the impact of the pressures was weighted (Halpern et al., 2007; Halpern and Fujita, 2013) . For doing so, the original equation for calculating cumulative pressure scores was modified as follows: whereby n is the number of the anthropogenic pressure layers, P i is the standardized intensity for each pressure layer and μ i is the weighting variable in each grid cell i. Note that C t was not calculated for areas with water depths of >400 m due to the limited data available.
Quantification of the contribution of individual anthropogenic pressures
In the C t equation, P i represents the respective individual intensity of the key anthropogenic pressure proxies listed in the GIWA regional assessment (Stolberg et al., 2006, in Table 1 ). To construct specific proxies in space, data were taken from the literature and converted to raster layers (for details see Supplementary Data). For standardization purposes, some proxy layers were log [X]-transformed according to the distribution of their intensity values, and all were max-min linearly rescaled
The resulting values are unitless and range from 0 to 1 (Table 1 ).
The second element of the C t equation is the weighting variable μ i . It was calculated by multiplying the stressor score of the respective anthropogenic pressure for the entire basin with the local stressor score. The former stressor score was estimated from literature data, following the method of Halpern et al. (2007) , who developed a ranking system to evaluate the vulnerability of habitats to anthropogenic pressures. The vulnerability measures include scale, frequency and functional impact of the threats as well as resistance and recovery time of the ecosystem. It also includes the certainty of the evaluation to prioritize better known anthropogenic pressures. The local stressor score was taken from expert assessments (Stolberg et al., 2006) . As the latter authors performed an expert evaluation to rank the anthropogenic pressures for each Caspian Sea littoral country, the results were transferred to the ecoregion level by applying a weighted average according to the shared surface between countries and ecoregion (see Supplementary Data).
Ecoregion-specific differences in cumulative pressure scores
For inferring ecoregion-specific (and thus spatially-and bathymetrically-specific) differences in cumulative pressure scores, a Principal Component Analysis (PCA) was conducted. The PCA was run using the function princomp in the base package stats for the statistical environment R (R Core Team, 2016). Additionally, a similarity matrix based on the Euclidean distance between the contributions of individual pressure effects was calculated for the ecoregions. This similarity matrix was then used to cluster the ecoregions with the Partitioning Around Medoids (PAM) method, a more robust version of K-means (Reynolds et al., 1992) . These analyses were done with the functions daisy and pam of the R package cluster (Maechler et al., 2016) . Visual plots were created with the package ggplot2 (Wickham, 2009 ) and maps were generated in ArcGIS 10.5 (ESRI).
Results
Cumulative and individual pressure scores in the Caspian Sea
Cumulative pressure scores in the Caspian Sea ranged from 0.23 to 2.35 (theoretical values 0 to 4; Fig. 2a ). The highest scores were estimated for the Baku area and in the west of the Volga Delta. Lowest scores were detected in the deeper parts (below 120 m) of the middle Caspian Sea sub-basin (Fig. 2a) .
The three northwestern ecoregions of the Caspian Sea showed the highest average cumulative pressure scores (NCB-T = 1.46, NCB-RO = 1.31, NCB-WS = 1.30) of all Caspian Sea ecoregions, with the most relevant individual pressure being poaching (Fig. 2b, Table 2 ).
Lowest average cumulative pressure scores were calculated for the open water ecoregions MCB-OS and SCB-OS with scores of 0.47 and 0.69, respectively. For the latter ecoregions, the strongest individual pressure was chemical pollution (Table 2) .
Overall, three anthropogenic pressures (invasive species, chemical pollution and poaching) were the highest individual contributors to the cumulative pressure scores (Table 2 , for a full list of all anthropogenic pressure contributions see Supplementary Data). Each of them was responsible for at least 10% of the scores in more than half of the Caspian Sea grid cells (Fig. 3) .
Ecoregion-specific differences in individual pressure scores
The PCA, which was conducted to infer ecoregion-specific differences in individual pressures, showed three clusters (Fig. 4) . The two dominant factors are poaching and chemical pollution (78% of the summative variance; σ 2 = 0.11; Fig. 4 ). They have loadings on the first PC of −0.757 and 0.617, respectively. The dissimilarity of individual pressure contributions across paired ecoregions, measured as Euclidean distance, is visualized in Fig. 5 . The two offshore ecoregions, MCB-OS and SCB-OS, showed the highest difference to the northern Caspian ecoregions (for detailed values see Supplementary Data).
The PAM analysis of ecoregions yielded two clusters (Fig. 2 in Supplementary Data). The first contained the five northern ecoregions and MCB-T (maximum and average Euclidean distance between elements 0.24 and 0.11, respectively), the second included MCB-C, MCB-OS and SCB (maximum and average Euclidean distances between elements 0.35 and 0.19, respectively; see Supplementary Data).
Discussion
Our results show that cumulative pressure scores are not equally distributed across the study area. Highest scores were found in Azerbaijani waters, near major oil fields and near the entrance of the Volga Delta. In contrast, offshore areas, in particular with water depths >120 m, had comparably low scores. We also found that both cumulative and individual pressure scores vary greatly among ecoregions. In the following sections, we discuss i) the socio-political and economic factors causing these spatial differences in anthropogenic pressure and ii) ecoregion-specific differences in anthropogenic pressure contributions. 
Contribution of individual pressures to the cumulative pressure scores
The anthropogenic pressures with the highest individual contributions are poaching, chemical pollution and invasive species. The former pressure has a higher impact in the northern Caspian Sea sub-basin; the latter two in the middle and southern sub-basins (Fig. 3) . These findings indicate that similar cumulative pressure scores in different parts of the Caspian Sea (e.g., near the entrance to the Volga Delta and around Baku; Fig. 2a ) may be caused by locally or regionally different individual pressures. The spatial differences are largely driven by socio-political and economic factors, mostly related to the collapse of the industrial sector of the former Soviet Union (Kosarev and Yablonskaya, 1994; Dumont, 1995; Zonn, 2005) . For example, registered sturgeon catches peaked in the late 1980's. A few years later, the fishing fleet was largely dismantled and anglers started to harvest sturgeons without formal regulation (Khodorevskaya et al., 2014; Mammadov et al., 2016; Strukova et al., 2016) . Our results indicate that poaching is still a major concern (Fig.  3) and that the effectiveness of the different national anti-poaching approaches may vary (Ermolin and Svolkinas, 2016) .
The spatial pattern of chemical pollution is also linked to the socio-economic development of oil exploration in the Caspian Sea (Kosarev and Yablonskaya, 1994) . In 1950, the first oil wells were drilled off the coast of Azerbaijan, while land-based oil production already started a century earlier (Zhiltsov et al., 2016) . Given the poor environmental standards at that time and the subsequent abandonment of wells, a persistent leaking of oil compounds and heavy metals into the water has been evident (Bickham et al., 1998; de Mora et al., 2004) . Pollutant concentrations were at alarming levels in the 1980's and 1990's, when heavy metal residuals from mining activities increased chemical pollution . Recently, hazardous chemicals are decreasing along the coasts of the Caspian Sea (Nemirovskaya, 2016) . However, pollutants are increasingly accumulated in the deepest parts of the basin due to water cycles (Tolosa et al., 2004; Korshenko and Gul, 2005; Nemirovskaya, 2016) . Table 2 . Table 2 Average individual pressure scores for ecoregions as indicated in Fig. 2b . The color of the squares refers to the color coding of the gradient bars in Fig. 2b . The continued introduction of invasive species, too, is directly linked to the economic development of the region. This concerns both the intended and unintended introduction. In the early 20th century, several invertebrate species, such as the annelid worm Nereis diversicolor and the bivalve Abra segmentum, were intentionally introduced in the Caspian Sea to increase feed biomass for sturgeon stock (Shiganova, 2010) . Unintentional introductions were largely fostered by the construction of the Volga-Don Canal in 1952. It connects the Caspian Sea with the Black Sea and thus with the world's ocean (Shiganova, 2010) . This, in turn, promotes the active and passive colonization of the Caspian Sea by invasive species. An example is Mnemiopsis leidiy, a comb jellyfish that originated in the Atlantic Ocean and reached the Caspian Sea in 1998 (Shiganova, 2010) . This species caused the sharp decline of fish catches in Iran, as it competes with commercially used fish for food resources and preys on their eggs (Roohi et al., 2010 (Roohi et al., , 2016 Pourang et al., 2016) . The highest impact of invasive species can be seen in the middle and southern Caspian Sea, which are ecologically more similar to the native marine ecosystems of many introduced species (Shiganova, 2010) .
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Our results also show that cumulative pressure scores are an important mean for identifying spatial differences in overall human impacts on Caspian Sea ecoregions (Fig. 2a) . However, different combinations of individual stressors (Fig. 3 ) may result in similar cumulative pressure scores. Therefore, the utilization of individual pressure scores might be more straightforward for implementing targeted (i.e., speciesand area-specific) conservation and remediation practices.
Ecoregion-specific differences in anthropogenic pressure contribution
The ecoregions most affected by anthropogenic pressures are those in the continental shelf of the northwestern (NCB-T, NCB-RO, NCB-WS) and southern Caspian Sea (SCB-C). Ecoregions least affected are those in coastal areas of the northeastern Caspian Sea (NCB-UF, NCB-ES) as well as in the analyzed deepest parts of the basin (MCB-OS, SCB-OS) (Figs. 2b, 5) . Moreover, our PCA analysis shows ecoregion-specific differences in the spatial distribution of individual anthropogenic pressures. Besides the main pressures discussed under 4.1. (i.e. poaching, chemical pollution and invasive species), other factors such as eutrophication, stream flow regulation and oil industry disturbance also play a role, although the effects remain rather localized (Fig. 4 and Table  2 ). These patterns indicate strong bathymetrical and latitudinal diver gences of cumulative and individual anthropogenic pressures among ecoregions. However, as shown by the similarity matrix in Fig. 5 , similar ecoregions may also be affected by similar individual pressures.
The northern sub-basin, which lacks deep-water habitats and is nutrient-rich, favors the biomass growth of the main prey of young sturgeons (Guseinov, 2005; Zinchenko, 2010, 2011) . As a consequence, the respective ecoregions are subject to a high impact from poaching (Dmitrieva et al., 2013) . In contrast, they face relatively low impact from chemical pollution due to a geochemical barrier at the transition between fresh and brackish water, and the rich vegetation of the Volga Delta (Nemirovskaya, 2016) . Invasive marine species also remain scarce in these ecoregions likely due to low salinities (Shiganova, 2010) .
The ecoregions of the middle and southern Caspian Sea also show similar distributions of cumulative and individual anthropogenic pressures, with coastal ecoregions being more affected than offshore ones. Here, main individual pressures are invasive species (see Section 4.1.) and poaching. The latter may be explained by the fact that sturgeons migrate along the coastlines of the Caspian Sea, feeding on the rich benthos (Karpinsky, 2010) .
Deep-water ecoregions of the middle and southern Caspian Sea are less affected by invasive species and poaching, but suffer from chemical pollution. This is due to the fact that these parts function as a sink for fine particles, as strong wind in the northern Caspian Sea move water and sediments southwards (Tolosa et al., 2004) . In addition, deep-water ecoregions represent natural oil seeps (Nemirovskaya, 2016) . Some of the respective compounds might be biologically magnified along the food chain, causing physiological impairments (Bickham et al., 1998; Moore et al., 2003; Wilson et al., 2014) . Thus, chemical pollution may be of particular concern for endemic species in the deeper parts of the Caspian Sea (Parr et al., 2007; Tait et al., 2016) and could, for example, explain the strong decline of mollusks species in the profundal zone (Wesselingh et al., 2019) .
Our ecoregion-specific analyses of anthropogenic pressure contributions show clear differences in cumulative and individual pressures among dissimilar ecoregions. As the respective ecoregions also harbor different native and endemic species, we may experience further shifts in community-assemblages in the future. This might, in particular, concern endemic species both in shallow and deeper waters, as well as native (including commercially-important) species in coastal ecoregions. These findings, in turn, substantiate the need for ecoregion-specific conservation efforts.
Conclusions
Cumulative pressure scores in the Caspian Sea are unevenly distributed, with coastal areas, particularly near major oil fields and the Volga Delta, showing higher values than deep-water areas. As the ten ecoregions in the Caspian Sea are, in part, defined by latitude and water depth, cumulative pressure scores also vary among ecoregions. However, analyses of individual anthropogenic pressures provide a more differentiated picture. Accordingly, the most important pressures are invasive species, chemical pollution and poaching. Invasive species are of particularly concern in the shelf areas of the middle and southern Caspian Sea sub-basins, i.e. in regions where the ecological conditions may allow introduced marine species to survive. In the shelf areas of the northern Caspian Sea sub-basin, poaching is the most severe anthropogenic pressure, hinting to region-specific differences in poaching intensities and regional problems in the implementation of anti-poaching strategies. Finally, the deep-water areas of the Caspian Sea are particularly affected by chemical pollution as they may serve as sinks for pollutants. This uneven distribution of cumulative and individual pressure scores also concerns the individual ecoregions of the Caspian Sea, and their native and endemic species. This finding is of particular inter est for future conservation strategies as species in dissimilar ecoregions might be affected by different anthropogenic pressures. We also show that cumulative pressure scores are an important mean for identifying spatial differences in overall human impacts. However, for implementing targeted conservation and remediation practices, a consideration of the underlying individual pressure scores might be more expedient. This paper provided the first ecoregion-specific CEA analysis for the Caspian Sea. As such, our results might serve as a base line for future impact studies and for the prioritization of remediation plans, for example in the context of the Tehran Convention.
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